A R T I C L E I N F O
Introduction
Inflammatory Bowel Disease (IBD) is characterised by relapsing and remitting inflammation in the gastrointestinal tract. The three IBD subtypes; Crohn's disease (CD), ulcerative (UC) and indeterminate colitis are characterised by focal and chronic inflammation that yields irreversible structural and functional changes to the bowel. The precise cause of IBD is unknown and likely multifactorial, however, it is accepted that a dysregulated immune response is causally linked to disease progression [62] . Risk factors contributing to IBD pathogenesis include: family history, ethnicity and environmental factors such as use of non-steroidal anti-inflammatory drugs (NSAIDs), infective proctocolitis and smoking [21] .
Symptoms of IBD are notoriously debilitating and include chronic diarrhoea, weight loss, malaise, fever and abdominal pain. Nutritional deficiencies and anaemia are common and extra-intestinal manifestations include retarded growth, musculoskeletal pain, arthritis, liver disease, urologic complications and inflammatory and necrotising skin conditions [39, 60] . Up to 90% of CD [29] and 35% of UC patients [11] require surgical intervention [32] . Recurrent IBD significantly affects productivity and morbidity; IBD continues to represent a serious chronic disease burden in health systems worldwide [59, 64] .
A striking histological feature associated with inflammation in IBD is neutrophil infiltration [51] , particularly during disease relapse. The mechanism whereby pro-inflammatory infiltrates are recruited to the colon is largely unknown, though likely involves induction of cellular chemotactic mediators that signal immune cells within the vasculature. Reactive oxygen species (ROS) produced via tissue damage and/or inflammatory processes (e.g., oxidative burst) are established activators of key pro-inflammatory signalling cascades. Thus, local tissue damage and/or ROS production can drive a cycle of sustained immune cell recruitment and host-tissue injury to promote inflammation and amplify oxidative stress. Accordingly, ROS-induced oxidative damage appears to be involved in several chronic and inflammatory diseases, including in IBD [2] . neutrophil granulocytes (and to a lesser extent in macrophages) and produces hypochlorous acid (HOCl), a powerful two-electron oxidant that damages a range of biological targets [30, 47] . Extracellular production of HOCl is implicated in several inflammatory diseases and may promote oxidative damage and inflammation in IBD. Biomarkers for MPO-mediated damage include 3-chlorotyrosine (3-Cl-Tyr) [30] and glutathione sulfonamide [27, 28] . Notably, 3-Cl-Tyr levels are markedly elevated in the colon and circulation [37] , while faecal MPO correlates with disease severity [51] in patients with IBD. Recently, the pathophysiological role of MPO in IBD has been explored, where MPOmediated HOCl production was considered to enhance local tissue injury and exacerbate inflammation [15] . Targeting oxidative damage, including that mediated by the MPO/ H 2 O 2 /halide enzyme system, may be an effective strategy to modulate inflammation in IBD. MPO is a professional peroxidase, carrying a ferric haem (MPO-Fe(III)), which in its resting/native state consumes H 2 O 2 to transition into compound I. MPO can then oxidise halogens (i.e., the physiologically abundant Clanion), thus returning to its native state, producing HOCl [30] . Cyclic nitroxides are cell-permeable stable free radicals documented widely for their broad antioxidant activity [62] . Nitroxides exhibit superoxide dismutase-and catalase-like activities [20] , and compete with H 2 O 2 for redox active metals to prevent Fentontype chemistry [33] . Nitroxides also accept electrons from mitochondrial electron transport-chain proteins, thereby inhibiting pathological ROS accumulation [33] . For example, mitochondrial-targeted nitroxides have been used to inhibit radiation-induced injury to human skin [12] . These beneficial activities are associated with reduced lipid, protein oxidation and DNA damage, and also enhanced bioavailability of nitric oxide (NO) in vitro. Further, cyclic nitroxides such as TEMPOL (4-hydroxy-2,2,6,6-tetra-methylpiperidine-1-oxyl), are well tolerated and show low pharmacotoxicity in animal models [3, 48] and nitroxidebased formulations are in clinical use for radiation-induced alopecia in humans [16, 41] .
In addition to their documented ability to scavenge reactive oxidants, cyclic nitroxides are substrates for catalytically active MPO [34, 49] and are potent inhibitors of hypohalous oxidant production by the MPO/H 2 O 2 /halide cycle [48] . Thus, while nitroxides effectively react with MPO compound I to form compound II, they react relatively poorly with compound II allowing accumulation of MPO in this ferryl-Fe form. Unlike MPO compound I, MPO compound II does not oxidise halides [17] thus, hypohalous acid formation is abrogated in the presence of nitroxides. In addition, TEMPOL inhibits MPO-mediated reactive nitrogen species formation via rapid reaction with • NO 2 , thereby inhibiting MPO-mediated RNase and protein nitration [55] .
Cyclic nitroxides also show combined anti-inflammatory and antioxidant activities in vivo that are pertinent to prevention of gastrointestinal damage. For example, TEMPOL inhibits indomethacin-induced gastric damage in rats [18] and attenuates all indices of inflammation in a carrageenan-induced inflammation model, including nitration and oxidation of proteins [48] . Further, TEMPOL protects purinergic neuromuscular transmission and improves propulsive motility in animal models of colitis [50] . However, the potential of cyclic nitroxides to modulate inflammation and MPO/HOCl-induced damage associated with IBD has not been specifically studied. Herein, we examined the ability of the cyclic nitroxide derivative, 4-Methoxy-TEMPO (MetT), to ameliorate dextran sodium sulfate (DSS)-induced colitis in mice through inhibition of MPO activity.
Results

MetT attenuates the HOCl-mediated oxidation of luminol ex vivo
Our data indicate that luminol is preferentially oxidised by the twoelectron oxidant HOCl which is produced by peroxidases, chiefly, MPO in the presence of H 2 O 2 and excess Clion. Thus, MPO significantly increased the luminol oxidation in the presence of NaCl, emitting MetT inhibits MPO/HOCl-mediated oxidation of luminol in an isolated system. Bioluminescence emitted from (a) MPO-, HRP-and Mb-mediated oxidation of luminol in the presence and absence of supplemented NaCl (750 mM). Panel (b) Representative and c) quantitative analysis of MPO activity (with NaCl added) with 1.35 μM, 6.75 μM & 13.5 μM MetT. Vertical scale to the right of images refers to the relative luminescence radiance presented as a heat map. Different to the vehicle; ***p < 0.001. All data is representative of 3 experimental repeats. Data represents n = 3 for data shown in panel (c). luminescence signal~3800 radiance compared to a signal~1400 radiance in the absence of NaCl (Fig. 1a ). By contrast, horseradish peroxidase (HRP) registered only a marginally higher luminescence signal 1200 radiance with added NaCl, compared to~800 radiance signal obtained in the absence of added salt. HRP is capable of oxidising free Clto give HOCl, albeit with a rate constant for reaction significantly less than MPO [31] . Myoglobin (Mb) is a non-professional peroxidase with poor catalytic efficiency [63] , and no reported chlorinating activity. Consistent with this notion, virtually no luminescent signal was detected in mixtures of Mb and luminol with and without added NaCl, suggesting that luminol is oxidised by the chlorinating activity of peroxidases rather than their peroxidase activity per se. Furthermore, it is very likely that purified MPO and HRP contains trace levels of Cl -(from the manufacturing process) which may account for baseline levels of luminol oxidation that increased with added NaCl.
Addition of MetT attenuated luminol oxidation (in the presence of NaCl) ( Fig. 1b ) consistent with the nitroxide inhibiting MPO enzymic activity. Titrating MetT (final concentrations: 1.35 μM, 6.75 μM and 13.5 μM) ameliorated luminol oxidation by 28%, 45% and 50%, respectively ( Fig. 1c ) indicating a dose-dependent inhibition of MPO by the added nitroxide. Whether the added 4-MetT directly scavenged HOCl in addition to inhibiting MPO enzymic turnover has not been explored here and remains a possibility. Nevertheless, production of HOCl by MPO is abrogated by the presence of the added nitroxide.
MetT improves clinical parameters in mice challenged with DSS
To examine whether MetT administration ameliorated experimental colitis, mice were challenged with 3% w/v DSS in drinking water for 9 days. Mice assigned to the MetT (15 mg/kg) or vehicle (dimethyl sulfoxide; control) groups were injected (i.p.) twice daily during the course of DSS insult. No change in drinking consumption was noted between any treatment group throughout the study duration (data not shown). Body weight loss is proportional to the colitis severity [14] and was used as a clinical biomarker in this study. No significant body weight loss was noted between groups until day 9 of DSS insult. At this time point, mice challenged with DSS alone showed an average of 14% decrease in body weight relative to control mice receiving normal drinking water ( Fig. 2a ). Mice co-administered MetT and DSS showed a significant reduction in body weight loss (8%; p < 0.05) than mice treated with DSS alone (vehicle control) at the same time point. No differences in body weight were observed in mice provided normal drinking water treated with either vehicle or MetT alone, consistent with the nitroxide being well-tolerated by the mice. Together this data suggests that MetT attenuates the severity of DSS-induced colitis.
Features of murine colitis include reduced mobility, faecal consistency and rectal bleeding. In the absence of DSS, mice in the vehiclecontrol and MetT groups did not register any measurable clinical scores at day 9 of the study (Fig. 2b ). Mice challenged with DSS showed increased clinical scores at day 9 post-challenge (p < 0.05). By contrast, mice co-treated with DSS and MetT showed an ameliorated clinical score (~45% decrease; p < 0.05) compared to mice treated with DSS alone, indicating that MetT mitigated colitis.
Colon 'crypt dropout' is a pathological feature of colitis and is characterised by a progressive shift in the crypt apex from the basement membrane until crypts eventually drop out of the lamina propria [23] . Overall, crypts amounted to~40% of the total colon area per field of view in mice receiving normal water (irrespective of added vehicle or MetT) ( Fig. 2c ). Mice treated for 9 days with DSS showed a significant decrease in crypt number (~422) relative to the vehicle-control. However, DSS-challenged mice co-treated with MetT consistently showed significantly higher crypt content compared to the gut samples obtained from vehicle control DSS-treated mice, further suggesting that MetT administration attenuates DSS-mediated colon damage.
Goblet cells are closely associated with crypt structures and are depleted during crypt dropout [23] . Representative staining of mucin, a glycosylated protein produced by goblet cells, showed a marked loss in the colon of DSS-treated mice compared to normal drinking water controls ( Fig. 2d ). DSS-stimulated decrease in mucin was noticeably inhibited in mice co-administered with MetT. Software-based quantification revealed significantly decreased levels of mucin along the length of the transverse and descending colon in DSS-treated mice, when compared to normal water-treated counterparts ( Fig. 2e ). Mucin levels decreased~11-fold in DSS-treated mice. By contrast, mucin staining decreased only~2-fold in mice co-administered DSS and MetT, indicating that MetT preserved both crypt integrity and colon epithelia during the course of experimental colitis.
Administered MetT is absorbed systemically and is localised in the colon
Matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-MS) was performed on fresh-frozen colon from DSS and DSS + MetT treated mice. A heat map showed registration of the MetT parent ion (mass ion 186 m/z representing positively charged MetT) at the 8% colour threshold in a DSS + MetT mouse colon, while the positive signal was completely absent in mice treated with DSS-alone at the same threshold setting. Heat maps generated from the colon of mice in the DSS + MetT group demonstrates that the drug co-localised to the colonic tissue area as determined by H&E staining on the same tissue section. Collectively, these data indicated that MetT accumulated within the colonic tissue of mice ( Fig. 3 ).
Histopathological evidence that DSS-induced colitis is attenuated by MetT
Following immunohistochemistry, quantification of cellular infiltrates (total number of nuclei), MPO + cells and crypts in the colon was performed using software-based tissue segmentation algorithms to map histological features, as shown in Supplementary Fig. S1 . Consistent with DSS-mediating inflammation in the colon [14] , the total number of nuclei mapped to the colon increased in DSS-treated mice, when compared to mice treated with normal drinking water (vehicle) or with MetT alone ( Fig. 4a & Supplementary Fig. S2 ). By contrast, nuclei mapping in DSS-treated mice co-supplemented with MetT appeared less dense than vehicle counterparts ( Supplementary Fig. S2 ), suggesting that MetT diminished DSS-induced immune cell chemotaxis.
While both DSS-treated vehicle and MetT mice showed significantly increased levels of total cellular infiltrate compared to control counterparts, MetT administration significantly reduced the extent of DSSmediated cellular infiltration ( Fig. 4a ). Overall, immune-positive MPO + pixel intensity increased significantly during the course of DSS-induced colitis and were attenuated to near baseline levels with MetT administration ( Fig. 4b ). The severity of DSS-induced colitis is positively correlated to colonic MPO levels [57] . Similar analyses indicated that crypt integrity negatively correlated with MPO levels (p = 0.011, Fig. 4c ), indicating that MPO adversely affected crypts and that the maintenance of crypt integrity provided by MetT supplementation is likely mediated through its action on MPO. These data support the idea that MPO inhibition is a critical activity for cyclic nitroxides such as MetT and that this is strongly linked to the amelioration of DSS-induced colitis in mice.
MetT decreases immune cell infiltration in the colon of mice treated with DSS
To identify the phenotypes of infiltrating cell populations in the inflamed colon, positively labelled Ly6C + monocytes, Ly6G + neutrophils, and F4/80 + macrophages ( Fig. 5 ), were quantified in the colon submucosa and lamina propria. MPO was also co-labelled with monocytes, neutrophils and macrophages to assess the primary source of colonic MPO. Interestingly, monocytes showed the highest level of MPO co-staining followed by neutrophils, with only a relatively small fraction of F4/80 positive macrophages co-staining for MPO ( Fig. 5a -b, e-h & i-j, respectively).
Similar to our previous investigation [14] , DSS-induced colitis resulted in significant monocyte and neutrophil recruitment to the inflamed colon tissue, while macrophages showed a trend to increase in the colon, when compared to mice in the absence of DSS (see panels Fig. 5m , n and o, respectively). Co-administration of MetT during DSSstimulated colitis significantly attenuated the numbers of monocytes recruited to the inflamed colon, however, the level of macrophage and neutrophil recruitment remained unaltered (compare panels Fig. 5m , n and o, respectively).
Macrophages (anti-F4/80 antibody), neutrophils (anti-Ly6G), monocytes (anti-Ly6C), and the haem enzyme MPO (anti-MPO) were labelled simultaneously and each of these cell types were mapped to the tissue by the visualisation of their respective antibody; co-localisation of MPO + staining was consistent with the haem protein being present in all three of these infiltrating cell types ( Supplementary Fig. S2 ). Mapping of these cell types in the colon tissue revealed differential cell densities and local distributions ( Supplementary Fig. S2 ).
Spatial cell phenotyping revealed a differential pattern of macrophage infiltration in the colon of DSS-treated mice. Specifically, macrophage populations (red dots) tended to reside in the topical lamina propria region of the colon from DSS-treated mice in the absence of MetT ( Supplementary Fig. S2l ), whereas macrophage populations were most dense in the basal lamina propria and submucosal sub-region of the colon in DSS-treated mice that were also co-supplemented with MetT ( Supplementary Fig. S2p ). While macrophage migration in the colon was demonstrated to be affected by MetT, little difference in overall macrophage density was noted in the colons of DSS-challenged mice in the absence or presence of MetT ( Supplementary Fig. S2 panels l and p, respectively). Neutrophil (blue dots) migration appeared to be altered to a similar extent to that for macrophages, i.e., neutrophils showed a stronger tendency toward a basal lamina propria/submucosal distribution in colons isolated from DSS-treated mice in the presence of MetT. Overall monocyte (yellow dots) density decreased in colons from DSStreated mice in the presence of MetT (compare panel Figure 5m and Supplementary Fig. S2p ). It is unclear whether MetT influenced immune cell migratory patterns in the inflamed colon directly via attenuating histoarchitectural pathology or indirectly through the inhibition of MPO production of HOCl. Taken together these data suggests that attenuation of immune cell infiltration, in particular monocyte recruitment, in DSS-induced colitis by MetT correlates with reduced MPO and further indicates that MetT exhibits an anti-inflammatory activity that acts in concert with antioxidant activity in this animal model.
MetT attenuates DSS-induced protein modification
Levels of glutathione sulfonamide (GSA) were determined as a marker of HOCl-mediated glutathione oxidation [27, 28] . Overall, GSA levels increased significantly in DSS-challenged mice when compared to their respective normal water-treated counterparts ( Fig. 6a ). However, co-administration of DSS + MetT had no material affect on GSA levels when compared to DSS alone. By contrast, 3-Cl-Tyr, a specific marker of HOCl-mediated protein oxidation was significantly increased in DSS treated mice (in the absence of the nitroxide), and was abrograted markedly to below baseline levels in DSS + MetT mice, when compared to corresponding controls (Fig. 6b ). These data show that nitroxide decreases MPO/HOCl-specific protein damage in the colon but is unable to inhibit oxdiative modification of low-molecular weight thiols.
Circulating lipid hydroperoxide (LOOH) can represent a biomarker of inflammation-induced damage and is increased significantly during DSS-induced colitis [5] . Herein, acute inflammation associated with DSS-induced colitis significantly increased serum levels of LOOH bỹ 1.5-fold compared to normal drinking water controls. This increase was ameliorated by supplementation with MetT ( Fig. 6c ). This data suggests that MetT was absorbed systemically and enhanced overall (plasma) antioxidant status in DSS-challenged mice. Superoxide radical anion (O 2 -• ) rapidly reacts with NO to yield the potent oxidant peroxynitrite (ONOO -) [9] and subsequently the oxidation product, 3-nitro-tyrosine (3-NO 2 -Tyr) [10] . Interestingly, DSS-induced colitis did not increase 3-NO 2 -Tyr levels as determined by immunohistochemistry, when compared to control mice receiving normal drinking water (compare panels Fig. 6d and e ). However, administration of the MPO inhibitor, MetT, during the course of DSS-induced colitis significantly increased 3-NO 2 -Tyr levels to below baseline ( Fig. 6e ).
MetT attenuates in vivo HOCl-mediated bioluminescence of oxidation during DSS-induced colitis
Luminol is a substrate for HOCl, producing a bioluminescent signal at 431 nm [13] . Notably, MPO deficiency abolished bioluminescent colocalisation to histological regions of inflammation in an animal model of acute dermatitis, suggesting luminol oxidation was sensitive to MPOderived oxidants [26] . At day 7, the abdominal bioluminescent signal from mice treated with DSS + MetT was decreased when compared to DSS alone counterparts (p = 0.053; Fig. 7a and b ). This suggests MPO/ HOCl-mediated luminol oxidation was attenuated by MetT-mediated inhibition of MPO chlorinating activity. Unsurprisingly, vehicle control mice showed very little abdominal bioluminescence, with a total radiance value of~5, compared to~30 in mice treated with DSS.
Interestingly, mice treated with vehicle (both control and DSS alone groups) emitted bioluminescence at the site of repeated i. p. injection, presumably the result of a local inflammatory response surrounding the i. p. site (red arrows; Fig. 7a ). A bioluminescent signal was largely absent from the repeated i. p. site in mice treated with MetT, suggesting that MetT also abrograted subcutaneous MPO activity.
Furthermore, the bioluminescent signal in mice treated with MetT was again diminished compared to mice treated with vehicle ( Supplementary Figs. S3a and b ) in a recovery model of DSS-induced colitis. In this second model, mice were challenged with 3% w/v DSS for 4 days, then the extent of DSS challenge was markedly decreased and the mice allowed to recover with 0.003% w/v DSS (effectively normal drinking water) for an additional 6 days. The outcome from this second study suggests that MetT administration also enhances recovery from a bout of acute colitis.
Effects of MetT on the immunological profile following DSS-induced colitis
Cyclic nitroxides have recently been shown to have immunomodulatory effects [36] . To investigate whether MetT altered the immunological profile of the colon during DSS-induced colitis, the levels of the potent anti-inflammatory cytokine, IL-10, and the pro-inflammatory cytokine IL-6 were assessed. Overall, IL-10 was significantly downregulated (Fig. 8a) , while IL-6 showed a significant increase ( Fig. 8b ) in the colons of both DSS-treated groups (when compared to normal drinking water controls), consistent with other reports of cytokine profiles during acute DSS-induced colitis in the literature [1] . No significant difference in colonic IL-10 or IL-6 was detected between DSS and DSS + MetT treated mice, suggesting that MetT exhibited no immunomodulatory effects during DSS-induced colitis; although, there was a weak trend to decreased IL-6 in DSS + MetT, compared to DSS treated mice (Fig. 8b) . The anti-inflammation effects of MetT on DSS-induced colitis observed herein did not appear to be linked to cytokine-induced immunomodulatory effects and therefore the observed protective effects of MetT are likely attributed to its antioxidant activity.
MetT abrogates DSS-mediated cell death in the inflamed colon
Cell death is characteristic during acute colitis and can be attributed to the oxidative environment [38, 54] , exacerbating histoarchitectural damage to the colon. We examined cell death by probing fragmented DNA using a TUNEL assay in histologically prepared colon samples. TUNEL + -dead cells were confirmed by bright green fluorescent labelling that was pyknotic in appearance. As expected, there was little colonic TUNEL + -labelling in tissue from the vehicle control group while there was marked increase TUNEL + -labelling in the colons of DSS-treated mice (Fig. 9a ). Interestingly, mice co-treated with DSS and MetT showed significantly abrogated levels of TUNEL + labelling, when compared to mice treated with DSS alone (Fig. 9a and b ). Under these conditions, levels of colonic TUNEL + pixels (as measured via software image analysis using the optical density) in mice co-treated with DSS and MetT were comparable to that of the vehicle group.
Discussion
Despite a lack of data to specify a direct cause in IBD, it is clear that mucosal injury and epithelial damage precedes the inflammatory insult that affects the gut microbiota, leading to a characteristic neutrophil infiltration to the submucosa and subsequent ROS production via activated MPO [15] . Available evidence points to markedly increased MPO levels in patients with IBD, and MPO is correlated to disease severity [37, 51, 58] . For example, neutrophils are congregated within active ulcers in UC and coincide with chemotactic factors (IL-8) that signal neutrophil degranulation leading to MPO release and subsequent HOCl production [4, 43] . Unlike other ROS, HOCl is a powerful 2electron oxidant capable of irreversible oxidation of thiols, lipids and DNA, eventuating in cell death. We have postulated that inhibition of MPO will attenuate the course of acute colitis via combined antioxidant and anti-inflammatory potential [15] . Outcomes from this study show that 4-Methoxy-TEMPO accumulated in the colon (as judged by MALDI- mass imaging in colon section) and significantly ameliorates the course of experimental colitis through a combined process of inhibiting MPOhalogenating activity and biomarkers of oxidation that together impact on colonic inflammation. Indices including body weight, clinical score, mucin levels and crypt health were notably improved in mice treated with MetT when compared to counterparts receiving DSS alone. Furthermore, MetT also restored colonic histoarchitecture by promoting cell survival, inhibiting the degree to which immune cells infiltrated into layers of the gut and markedly abrogating levels of 3-Cl-Tyr, a specific HOCl oxidation biomarker, suggesting MetT inhibited MPO/ HOCl activity in the colon. Luminol-based live animal imaging of mice also revealed significant attenuation of bioluminescence in the abdomen in mice pre-treated with MetT consistent with MPO-inhibition yielding an attenuation of oxidative damage to the colon. Overall, the nitroxide was well-tolerated in mice and effectively inhibited DSS-stimulated acute colitis.
Inflammation-induced oxidative stress is associated with the induction of apoptotic mechanisms of host cells [19] . Data in this study demonstrates that MetT also abrogates oxidative stress-mediated cell death in our model of acute colitis, likely via its antioxidant effect in vivo. The antioxidant effect of cyclic nitroxides have been well documented [3, 6, 34] . For example, the nitroxide derivative TEMPOL was shown to attenuate indomethacin-induced acute colitis in rats when the nitroxide was delivered intraperitoneally [18] . More recently, orally administered nanoparticles containing a cyclic nitroxide inhibited colitis progression in mice challenged with DSS. Thus, Vong and colleagues demonstrated parallel improvements in histologically scored colitis, decreased pro-inflammatory mediators and inhibited ROSmediated damage [56] . Despite these beneficial outcomes, a role for MPO activity was not specifically explored by Vong and co-workers and herein we addressed this important question of whether cyclic nitroxides inhibited the MPO halogenation cycle in vivo.
Data accumulated herein strongly indicates that the cyclic nitroxide ameliorates MPO-mediated oxidation perhaps through inhibition of its halogenation activity although we have not excluded that MetT can directly scavenge HOCl through successive one-electron oxidation reactions with this hypohalous acid, thereby decreasing HOCl levels generated in the colon and providing protection to the gut in the presence of DSS stimulus. The potential for one-electron oxidation of cyclic nitroxides likely precludes oxidation by HOCla 2-electron oxidant [42] , thus MetT is unlikely to act by scavenging HOCl. While, pretreatment with MetT failed to inhibit GSA formation [28] , the 3-Cl-Tyr biomarker showed a significant inhibition of damage in the presence of nitroxide. This lack of protection afforded to low-molecular weight thiols relative to protein suggests that MPO-HOCl may selectively target protein oxidation relative to HOCl scavenging by GSH in the inflamed colon. This preference may be explained in the relative compartmentalisation of MPO responsible for HOCl production; that is, MPO-HOCl resides in an extracellular environment where the proportion of protein is high relative to GSH that is present within cells at high millimolar 
concentrations.
One paradoxical outcome obtained here is that MetT administration increased levels of 3-NO 2 -Tyr in DSS treated mice, while there was no significant increase in 3-NO 2 -Tyr levels in mice challenged with DSS alone. Peroxynitrite (ONOO -) is formed by the reaction of NO and O 2 -• . MPO catalytically consumes NO (in the presence of H 2 O 2 ), thereby removing it from the system [7] . Furthermore, it has been previously reported MPO compounds I, II and III consume O 2 -• [35] . Therefore, MPO may be acting as a regulator to ONOOlevels, since O 2 -• is a rate limiting radical in the formation of ONOO -(and subsequent formation of 3-NO 2 -Tyr). In addition, others have shown that compound I directly consumes ONOO -, forming compound II [22] . Our results thus corroborate the findings that MPO regulates the formation of 3-NO 2 -Tyr, likely by regulating the bioavailability of NO, O 2 -• and ONOOand therefore paradoxically, inhibiting the MPO-mediated increases in the levels of 3-NO 2 -Tyr.
Here we demonstrated that MetT administration modulates the recruitment of immune cells into various histological regions in the inflamed colon. Using advanced image analysis software (InForm), macrophage distribution was mostly localised to the lamina propria, replacing crypt structures in DSS-treated mice ( Supplementary Fig. S2  I) . It is unclear whether MetT directly inhibits macrophage chemotaxis to the lamina propria during colitis, or whether MetT preserves crypt integrity thus limiting macrophage infiltration. While a previous in vitro report demonstrated reduced neutrophil recruitment during nitroxide treatment, we did not observe modulation of neutrophil recruitment in vivo in the inflamed colitis model during treatment with MetT [48] . Instead, we report a significant decrease in monocyte recruitment to the inflamed colon during MetT treatment. Similar to previous investigations [48] , we also showed significant attenuation of MPO-chlorinating activity with MetT administration during acute colitis. While Queiroz and colleagues attributed reduced MPO-chlorinating activity to attenuation of neutrophil recruitment in their rat model of carrageenaninduced paw inflammation, our data suggest that monocytes and macrophages are also significant sources of MPO in this experimental model of colitis. Hence, a decrease in local MPO-chlorinating activity can also be attributed to reduced recruitment of other leukocytes containing MPO, such as monocytes. This is consistent with our observation of an overall reduction in MPO-containing cells within the inflamed colon during MetT treatment. Overall, it is likely that MetT directly inhibits MPO-chlorinating activity as we observed significant attenuation of MPO-mediated oxidation of luminol in DSS/MetT-treated mice in live animals and complete abrogation of colonic 3-Cl-Tyr levels, a specific marker for MPO-produced HOCl. While several studies have reported antioxidants to attenuate IL-6 levels during inflammation [25, 46] , the potential effect of a relatively small and nonsignificant decrease in IL-6 is unlikely to be mediating protective effects during DSS insult.
Conclusion
The potential multi-faceted impact of MPO-chlorinating activity during IBD is thought to enhance host-tissue injury and exacerbate inflammation. Cyclic nitroxides are powerful antioxidants with antiinflammatory activities; nitroxides are also well-tolerated in vivo and have been previously shown to attenuate MPO activity. We now demonstrate that administration of the cyclic nitroxide MetT during acute DSS-induced colitis significantly attenuates clinical and biochemical parameters that are typically raised during experimental colitis, likely via inhibiting oxidative damage, as well as diminishing monocyte recruitment to the inflamed mucosa and attenuating MPO-chlorinating activity. Thus, we highlight the therapeutic potential for cyclic nitroxides as an adjunctive therapy potentially allowing for decreased dosages of current immunological drugs used in treating patients with IBD that may provide benefit by decreasing deleterious side-effects of these current treatments.
Methods
Materials
All materials and reagents were sourced from Sigma Aldrich, Australia (unless otherwise stated) and were of the highest quality available. All reactions and incubations were performed at 22°C, unless otherwise specified.
Ethics
All experiments were approved and carried out according to the University of Sydney Animal Ethics Committee (AEC#651) guidelines. Mice were housed in environmentally enriched AEC-approved cages in The Charles Perkins Centre Animal Facility. Body weight measurements were performed daily to evaluate the course of experimental colitis. A 10-15% body weight loss signalled the study endpoint. Euthanasia was performed via deep anaesthesia with isoflurane inhalation and subsequent cardiac puncture.
Mice
Wild type C57BL/6 female mice were obtained from Laboratory Animal Services and were housed in The Charles Perkins Centre Animal Facility where food and water were provided ad libitum. Experiments were performed when mice were 8-9 weeks of age with n = 6 mice designated to each respective treatment group.
Dextran sodium sulfate (DSS) model of colitis
Colitis was induced with 3% DSS (w/v) (ICN Biomedicals, Australasia), delivered in drinking water ad libitum for 9 days, as previously described [14] . DSS induces epithelial toxicity in the murine colon, causing 'epithelial denudation' and barrier breakdown to commensal flora [40] . Leukocytes infiltrating the lamina propria then encounter a spectrum of commensal bacteria and aggressively initiate proinflammatory cell recruitment, resulting in the well-characterised model of DSS-induced acute colitis [24] . Mice designated to the control group were housed under identical conditions and received untreated tap water. The selected dose of 4-Methoxy-TEMPO (15 mg/kg) (MetT) was based on a previous investigation using the closely related compound, TEMPOL [5] . Commercially sourced MetT was reconstituted in 10% dimethyl sulfoxide (w/v) immediately prior to use and was diluted to 17 mM stock solution used to administer to the mice in the designated drug-treatment group. Individual mice were administered 100 μL of the MetT stock solution or vehicle (10% v/v DMSO + 90% v/v phosphate buffered saline) via intraperitoneal injections delivered routinely in the morning (at 8 a.m.) and afternoon (5 p.m.) for each day of DSS challenge. In some experiments DSS challenge was decreased markedly at Day 4 to simulate a recovery model, with mice receiving 0.003% w/v DSS in the drinking water up to day 9.
Biochemical luminol-based myeloperoxidase assay
A master mix containing either 0.2 μg/mL MPO, HRP or Mb and 0.8 mM (w/v) luminol (either supplemented with 750 mM (w/v) NaCl or dH 2 O) was incubated with either 1.35 μM, 6.75 μM or 13.5 μM (v/v) MetT and agitated on an orbital shaker at 150 r.p.m. (15 min at 22°C). Following this, 0.45 mM (v/v) H 2 O 2 was simultaneously added to each well and the bioluminescence signal was measured using the IVIS® SpectrumCT In Vivo Imaging System (PerkinElmer, Australia) every 30 s for 10 min. The luminescence was normalised to total photo flux per well.
Clinical assessment of colitis
Body weight was measured once daily (8 a.m.), where the body weight loss was measured against the original respective body weight at day 0. Mice were clinically scored at day 9 using a value between 0 and 3 for faecal consistency and rectal bleeding (hematochezia), where 0 = normal, 1 = mild, 2 = moderate and 3 = severe as we described previously [14] . The colon was excised, and length measured from the anus to the caecum following sacrifice at day 9 post-DSS treatment to determine the severity of colitis [61] .
Tissue staining with Alcian blue 8GX + Safranin O
Mucin and cell nuclei were stained with 0.1% Alcian blue 8GX (w/v, E. Gurr Ltd., London, UK) in 3% v/v acetic acid (pH 2.5) and 0.1% v/v Safranin O (w/v, E. Gurr Ltd., London, UK) in 0.1% v/v glacial acetic acid, respectively. Briefly, slides were dewaxed, rehydrated and stained with Alcian blue for 30 min prior to washing in water for 5 min. Slides were counterstained in Safranin O for 10 min, washed in tap water, dehydrated and mounted in DPX medium. Alcian blue 8GX histological staining of mucin was evaluated using the MetaMorph® Microscopy Automation & Image Analysis Software (V7.8). The sum of pixel intensity threshold was normalised to colon length comprising both the transverse and descending colon.
Matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-MS)
The lumen of an intact colon was exposed by cutting longitudinally from the anus to the caecum, whereby it was orientated in a 'swiss roll' and embedded in 100 mg/mL porcine gelatin (w/v in dH 2 O) before snap freezing in liquid nitrogen. Twelve μm sections of colon were carefully placed on an Indium-Tin Oxide (ITO) conductive slide and placed in a desiccator for 45 min. The ITO slide was then coated with α-Cyano-4-hydroxycinnamic acid (CHCA) matrix solution (7 mg/mL) in 50:50:0.1 CAN/H 2 O/TFA using the automatic spraying device, Image Prep (Bruker Daltonics). The thickness of the matrix layer was monitored by the output from the optical sensor, where the readout of the total matrix layer thickness was approximately 4 V total indicating a relatively even distribution of the matrix onto the tissue surface. The coated tissue sections were dried in the desiccator for 20 min before MALDI-MS analysis [45] . MALDI-MS was performed in the 100-2000 amu range while under 8% laser power, 1000 Hz and a raster width of 50 μm. Following MALDI-MS, the ITO slide was retrieved, washed in 100% ethanol and rehydrated before staining with haematoxylin (Harris) & eosin and coverslipping. Slides were imaged on the ZEISS AxioScan.Z1 using the ZEN Blue™ software (V2.3).
5-plex Opal™ multicolor immunohistochemistry
The innovative OPAL™ kit developed by PerkinElmer enables immunohistochemical labelling of up to 7 markers using the Tyramide Signal Amplification (TSA) working principle. Fluorescently labelled TSA molecules covalently bind to antibody-peroxidase complexes to form a scaffold complex around surrounding antibodies and parts of the antigen. Antibodies, which bind epitopes via Van Der Waals forces, are cleaved in a subsequent microwaving step, leaving behind a TSA scaffold. A new antibody is then incubated, and the cycle is repeated until the desired number of antigens have been labelled. Following sacrifice, colons were removed, flushed with cold PBS, cut longitudinally and orientated into a Swiss Roll prior to overnight fixation in 70% ethanol at 4°C. The tissue was then processed, embedded in paraffin and sectioned at 5 μm before de-paraffinization and rehydration through a series of graded alcohols. Slides were then placed in a plastic Coplin jar with PBS and microwaved for 15 min at 1000 W to quench endogenous peroxidases. Endogenous Fc receptors were blocked for 30 min using Fc Receptor Blocker (Innovex, CA, USA). Primary antibodies, including anti-F4/80 (BM8, final dilution 1:700 v/v), anti-Ly6C (HK1.4, BioLegend, CA, USA, 1:500 v/v), anti-Ly6G (1A8, BioLegend, CA, USA, 1:500 v/v) and anti-MPO (Abcam, UK, 1:500 v/v) were incubated in separate microwave cycles for 1 h. Peroxidase conjugated anti-rabbit IgG (1:200 v/v) was incubated for 30 min following primary antibody incubation and TBS-T wash steps. Fluorescently conjugated TSA molecules (1:50 v/v) were then incubated for 10 min in the following combinations with primary antibodies: F4/80, TSA-Fluorescein; Ly6G, TSA-Cyanine 3; Ly6C, Cyanine 3.5; MPO, Cyanine 5. After the final microwave cycle, slides were counterstained with DAPI and mounted with ProLong Diamond Antifade Mountant (ThermoFisher, Australia).
Software-based analysis
OPAL™-labelled colons were imaged on the PerkinElmer Mantra™ microscope with a nuance camera at 20x magnification and spectrally unmixed in the InForm (V2.1.1) software to obtain a composite image. Composite images were selected at random to train the recognition of crypts, cellular infiltrates and muscularis propria in the automated tissue segmentation feature to 90% confidence, and to assign TSA fluorophores to their respective antibodies for automated cell phenotyping. Histoarchitectural features identified in tissue segmentation analyses were expressed as a percentage against the total volume of tissue detected per field. Enumeration of cell phenotyping was obtained by expressing a particular cell type as the actual counts against total area of colon detected per field.
Colon biochemistry
Excised colons were flushed with cold PBS and snap frozen in liquid nitrogen before pulverisation by pestle and mortar. Complete lysis buffer (40 mM PBS containing: 1x tablet Protease cocktail inhibitor in 50 mL, 10 μM butylated hydroxytoluene w/v, and 1 mM ethylenediaminetetraacetic acid) was added to each pulverised sample, and the slurry transferred to a Teflon-lined test tube and homogenised with a matching piston for 4 min at 500 r.p.m. After processing, colon homogenates were centrifuged at 1600 g for 15 min at 4°C to obtain a clarified supernatant fraction (free of large insoluble tissue debris) that was then stored in aliquots at -80°C and designated for biochemical analyses.
Where required, total protein content of clarified lysates obtained from colon tissue homogenates were determined using a bicinchoninic acid (BCA) assay, as per manufacturer's instructions. Bovine serum albumin (BSA) was used to generate a standard curve to determine lysate protein concentrations and these values were subsequently used to normalise all biochemical parameters.
Assessment of glutathione sulfonamide with stable isotope dilution tandem mass spectrometry
Production of glutathione sulfonamide (GSA) from GSH is a specific marker for HOCl presence [27] . Isotopically labelled internal glutathione sulfonamide standard was added to clarified colon lysates containing 300 μg protein. Ice-cold ethanol was added to a final concentration of 80% v/v and incubated for 20 min at -20°C to precipitate protein. The samples were centrifuged at 16000 g for 5 min and glutathione sulfonamide in the supernatant was analysed by LC-MS/MS with single reaction monitoring (SRM) as described previously [28] . LC-MS/MS analyses were performed using a Hypercarb column (150 × 2.1 mm, 3 μm, Thermo Scientific, Waltham, MA) operated at 60°by an Ultimate 3000 RS HPLC system (Thermo Fisher Scientific, Waltham, MA) coupled to a 4000 QTrap mass spectrometer (Sciex, Framingham, MA, USA).
Assessment of colonic 3-chlorotyrosine with quantitative mass spectrometry
Where required, the HOCl specific protein oxidation marker, 3chlorotyrosine (3-Cl-Tyr), was determined as previously described [52] . Briefly, colonic homogenates were homogenised as described earlier and were delipidated with 3% w/v sodium deoxycholate and precipitated with 50% w/v trichloroacetic acid prior to centrifugation at 6000g for 5 min. The subsequent pellets underwent an acetone wash with centrifugation (6000 g for 5 min), where acetone was removed, and pellets dried under a stream of N 2(g) . Pellets were then resuspended with 6 M methanesulfonic acid containing 0.2% tryptamine. Internal standards of 3-chloro-[13C9,15 N] tyrosine and [15 N]-tyrosine (final concentration 1.5 nmol) were added to each sample before hydrolysis under vacuum at 110°C for 12 h.
Quantitative mass spectrometry was employed to quantify 3-chlorotyrosine, as previously described [53] . Hydrolysates were subjected to solid-phase extraction purification using 100% methanol-activated columns (Supelco, Sydney, Australia), before preconditioning with 0.1% v/v TFA/H 2 O. Each column was loaded with sample and washed with 2 mL of 0.1% v/v TFA/H 2 O and eluted with 80% v/v methanol/ H 2 O. Columns were dried under vacuum at 60°C, and re-dissolved in 100 μL of 0.1% v/v formic acid. Tyrosine and 3-Cl-Tyr were quantified using authentic Tyr and 3-Cl-Tyr (0-500 pmol), expressed as a ratio to their corresponding isotopically labelled forms present at 1.5 nmol detected by an Agilent LC-MS system. Levels of Cl-Tyr and Tyr as determined by their corresponding internal standard, which was used to graph the 3-Cl-Tyr/Tyr ratio ( Supplementary Fig. S4 ).
Modified FOX-1 assay
Serum lipid hydroperoxide (LOOH) was measured using a modified FOX-1 assay, as described previously [8] . Briefly, fresh blood was obtained via cardiac puncture into tubes containing heparin and immediately centrifuged at 3000 g for 10 min to isolate plasma. An aliquot of plasma (25 μL) was removed and incubated with 1 μL 4 μM butylated hydroxytoluene (w/v) for 15 min at 22°C. FOX-1 solution [44] (275 μL) was then added and allowed to incubate for 10 min, before absorbance changes were monitored at 560 nm.
Immunohistochemical staining of 3-nitrotyrosine
Frozen colon sections were sectioned at 7 μm thickness, stored overnight in -80°C and thawed (22°C, 30 min). The slides were then immersed in -30°C acetone (100%) and incubated for 10 min, followed by two quick washes with dH 2 O. The sections were then heat antigen retrieved in 10 mM sodium citrate (pH 6) solution using a microwave for 30 min. Following this, slides were allowed to warm to 22°C before application of an endogenous FcR blocker (Innovex Biosciences, CA, USA; NB309) for 45 min, followed by a TBS-T wash (3x 2 min). Anti-3-NO 2 -Tyr antibody was incubated over sections for 60 min at 22°C (1:200 v/v; Sigma Aldrich, Australia; N0409), followed by a TBS-T wash (3x 2 min). Peroxidase conjugated anti-rabbit IgG (1:200 v/v) was then added to sections and incubated for an additional 30 min before slides were washed in TBS-T (4x 2 min). Following this, sections were incubated for 10 min in a dark humidity chamber with a 1:50 v/v solution of TSA fluorophore (PerkinElmer, Australia; FP1488) before washing with TBS-T (4x 2 min). Finally, a solution of DAPI (1:1000 v/v; PerkinElmer, Australia; FP1490) was applied to slides for 5 min in a dark humidity chamber prior to washing with TBS-T (4x 2 min) and cover-slipping with mounting medium (Dako, Australia; S3023). Images were acquired using a wide-field epi-fluorescent microscope (ZEN) and Anti-3-NO 2 -Tyr labelling was evaluated using the MetaMorph® Microscopy Automation & Image Analysis Software (V7.8). The sum of pixel intensity threshold was normalised to colon length comprising both the transverse and descending colon.
In vivo imaging of oxidised luminol
At day 7 of DSS-induced colitis, mice were sedated with 3% (v/v) isoflurane and anaesthesia was maintained with 1.5% (v/v) isoflurane within the IVIS® SpectrumCT In Vivo Imaging System chamber housed in the University of Sydney, Sydney Preclinical Imaging Facility. Prior to imaging, Nair™ Tough Hair Removal Cream was applied to the abdomen of mice and incubated for 3 min before removal with a warm wet gauze to expose the bare abdomen. Next, MetT or vehicle was delivered via i. p. injection following 15 min before subcutaneous injection of 300 mg/kg (w/v) luminol delivered into the scruff of mice and allowed to be absorbed systemically for 5 min [26] . Following this procedure, the bioluminescent signal from mice abdomens (maximum 5 mice in the visualising chamber) were detected with a 3 min exposure time (F/stop = 1; binning = 16). Finally, 2D planar bioluminescence images were presented as radiance in photon/sec/cm 2 /sr and regions of interest (ROIs) were quantified on peak total bioluminescent signal using Caliper Life Sciences (V4).
ELISA assessment of pro-inflammatory mediators
Sandwich ELISA kits were purchased from elisakit.com (elisakit. com, Australia) and were performed according to the manufacturer's instructions. Briefly, 20 μL of clarified colon lysate (or standard) was added to pre-coated and pre-blocked wells in duplicate and incubated overnight at 4°C. The samples/standards were subsequently removed, and all wells were washed (3x 3 min) in washing buffer prior to incubation with 50 μL of anti-IL-10 or IL-6 (1:1000 v/v) for 1 h. The detection antibodies were then discarded and wells washed (3x 3 min) prior to incubation with 50 μL of streptavidin/horseradish peroxidase (final dilution 1:5000 v/v) for 45 min. Following washing steps, 50 μL of tetramethylbenzidine was added to each well and colorimetric development continued for 30 min in the dark. The reaction was halted by addition of sulfuric acid (50 μL, 1 M) and absorbance measured at 450 nm. All data was normalised to total protein content and presented in absolute or relative values.
Immunofluorescent staining of TUNEL + cells
A commercial DNA fragmentation (TUNEL) assay kit (Abcam, Australia; ab66110) was used to stain for TUNEL + cells in frozen colon sections. Slides were fixed in 4% (w/v) formaldehyde in PBS and incubated for 15 min, followed by two repeats of washing (5 min each) with PBS. Each tissue section was then covered with 100 μL of 20 μg/ mL Proteinase K solution (10 mg/mL Proteinase K, 100 mM Tris-HCl pH 8.0, 50 mM EDTA) and incubated for 5 min. Colon sections were then transferred to 4% (w/v) formaldehyde in PBS and incubated for 5 min and subsequently immersed and incubated in PBS for another 5 min. Slides were then removed from PBS and gently tapped on the benchtop to remove excess liquid.
Colon sections were covered with 100 μL Wash Buffer and incubated for 5 min and this was repeated once more. Slides were covered with 50 μL of DNA Labelling Solution (per test: 10 μL TdT Reaction Buffer, 0.75 μL TdT Enzyme, 8 μL Br-dUTP, 32.25 μL ddH 2 O) and placed inside a dark humidity incubator at 37°C for 1 h. The slides were then taken out and washed twice with PBS (5 min per wash). 100 μL of Antibody Solution (per test: 5 μL Anti-BrdU-Red Antibody, 95 μL Rinse Buffer) was then used to cover each slide and incubated away from light (30 min, 22°C). Sections were then washed with dH 2 O for 5 min, followed by counterstaining with Spectral DAPI (PerkinElmer, USA; FP1490) for 10 min and cover-slipped with fluorescence mounting medium (Dako, Australia; S3023). Slides were viewed using the Zeiss Axio Scope. A1 microscope and images captured at 10x magnification with the ZEN 2 blue edition imaging software. Subsequent quantification of TUNEL + staining was conducted on MetaMorph® software (V7.6).
Statistical analysis
Statistical analysis was performed using GraphPad Prism (V5), and data were evaluated using one-way ANOVA with Tukey post-hoc test for multiple comparisons (for comparing three or more groups and accounting for type 1 and type 2 statistical error); significance was accepted at the 95% confidence level (p < 0.05). Where relevant, data is presented as mean ± SD with the number of repetitions and p values (≤0.05, 0.01 or 0.001) indicated in the Figure legends.
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